INTRODUCTION
Stretchable and wearable electronics have been extensively investigated for a broad range of applications, including electronic skins, flexible displays, health-monitoring devices and energy-harvesting devices. [1] [2] [3] [4] Breakthroughs have been made in the theoretical and practical aspects of these related technologies. Meanwhile, it is highly attractive to integrate more functionalities and novel features into one device for smart and multifunctional systems by mimicking complex biological systems. Among the various complex biological systems, snakes are unique legless reptiles with elongated bodies covered in overlapping scales. Most snakes use stretchable belly scales to travel by gripping surfaces and have strong olfactory capabilities to track prey. The skin and olfactory organ can collect external stimuli and output bioelectrical signals to the nervous system/brain. In practical applications, artificial e-skin capable of sensing multiple stimuli, such as strain, pressure, vibration, temperature and other uncorrelated conditions, is highly desirable. Despite the promise of these systems, only limited successful examples of stretchable sensors that perceive force and chemical stimuli have been reported. [5] [6] [7] To achieve high-performance artificial e-skin, the directional design and fabrication of conductive sensing channel materials are prerequisites. Tailored materials in the sensing channel with specific nanostructures can meet critical requirements such as enhanced sensitivity, stretchability and mechanical stability. Recently, a spider-inspired crack-based structure composed of a platinum layer on top of a viscoelastic polymer was proven to be an effective geometric patterning method for the preparation of a sensor system with ultrahigh sensitivity. 8 Recently, a variety of sensing systems with high sensitivity based on metal or inorganic active channels in elastomer composites have been prepared to recognize human activities. However, most of the reported sensors are of single functionality, incompatible to the sensing of multiple external stimuli and thus unfavorably hinder the simultaneous detection of complex stimuli. 9, 10 In addition, complex transfer steps or patterning steps on an elastic substrate are needed to fabricate stretchable structures. Good adhesion between the substrate and metal or inorganic sensing channel layers is difficult to achieve, which could lead to device breakdown under repeated large deformations with consequent fatigue accumulation due to their mechanical mismatch. 11 Moreover, the high processing costs limit their practicality for devices that need to be disposable, low cost and scalable. Furthermore, optical transparency and low thickness is preferred in e-skin for aesthetic, optogenetic usage and comfort reasons because e-skin is usually attached to visible parts of the human body, such as the limbs, wrist or neck, and for smart garments in wearables and interactive soft robotics. Recently, efforts on semiconducting polymeric nanowires for stretchable and transparent devices were demonstrated by some research groups. Cho and coworkers 12 demonstrated a stretchable and transparent organic semiconducting layer via blending self-assembled poly(3-hexylthiophene) nanowires with an elastomeric polymer for use in stretchable organic thin-film transistors. The transistors show superior and reliable stretching stability during stretching at 100% strains.
Polyaniline (PANI) is one of the most promising conducting polymers with many advantages, such as inherent flexibility, enhanced conductivity, good environmental stability, cost-effective fabrication and good scalability. Moreover, PANI is capable of sensing multiple stimuli, including biological, chemical, gas, temperature, humidity, strain and pressure, owing to its unique and controllable chemical and electrical properties. [13] [14] [15] [16] [17] [18] Unfortunately, the typical formation of PANI thin films, based on spin or spray processes, is unable to produce stretchability because of the chain rigidity of PANI. Inspired by the scale-structured stretchable skin and sophisticated olfactory ability of snakes, a multifunctional electronic skin sensor is designed via the growth of bilayer PANI with a planar particulate film and vertically aligned nanowires on a thin polydimethylsiloxane (PDMS) substrate. The unique snake scale-like stretchable structures result from the combination of out-of-plane nanowire arrays and formed ridges and endow the sensor with high sensitivity and excellent mechanical conformability. The sensing system is capable of not only monitoring stretching strains but also detecting odorless and explosive CH 4 gas with high sensitivity. This unconventional olfactory chemoreceptordecorated skin structure paves the way to the realization of uncorrelated multifunctional artificial skin. This biomimicry-sensing platform could find broad applications in artificial intelligence, humanmachine interfaces and robotics, specifically in bionic systems.
EXPERIMENTAL PROCEDURES Materials
Aniline (⩾99.5%), perchloric acid (70%), ammonium persulfate and hexane (anhydrous, 95%) were purchased from Sigma-Aldrich (Singapore). The silicone elastomer base and curing agent (SYLGARD 184) were purchased from Dow Corning Corporation (Auburn, MI, USA). Copper tape was purchased from 3M (Singapore). Silver paste was purchased from Ted Pella, Inc (Redding, CA, USA). All reagents were used as received without further purification.
Preparation of thin PDMS
The thin PDMS elastomer was prepared by mixing the silicone elastomer base and the curing agent with a ratio of 10:1. Then, the liquid mixture was diluted with hexane to form a 10 wt% solution. Then, the diluted liquid mixture was transferred onto a watch glass. The thin PDMS elastomer was prepared after degassing and thermally curing the diluted liquid mixture at 60°C for 2 h. Hexane was evaporated during the PDMS curing process. Here, PDMS with a thickness of approximately 150 μm (Supplementary Figure S1 ) was prepared and used as the elastic substrate.
Preparation of stretchable PANI nanowire arrays on a thin PDMS elastic substrate PANI nanowire arrays were in situ deposited on the surface of the thin PDMS substrate through chemical bath deposition. 19 Typically, the solution for chemical bath deposition contained 1 M [HClO 4 ], 0.01 M aniline and 0.0067 M ammonium persulfate. The as-obtained thin PDMS layer was used as the substrate and was vertically supported on the wall of the bath container at 0°C (ice bath) for 24 h to deposit the PANI nanowire arrays. After depositing, the samples were rinsed with de-ionized water and finally dried naturally. The functional PANI nanowire array channel was directly grown on the thin PDMS substrate, and a highly stretchable device was obtained.
Preparation of the bionic snake skin sensing platform
The sensing platform was assembled by employing the PANI nanowire arraycoated PDMS as the conductor and elastomeric substrate. For strain-and gassensing applications, copper tape was connected at the two ends of the PANI nanowire arrays. Silver paste was used to minimize the contact resistance. To prepare the pressure sensor, two PANI nanowire array-coated PDMS films were brought into face-to-face contact to produce an Ohmic-like contact. Then, the terminal regions were connected with copper tape to form stable electrical connections. Finally, the device was sealed by a thermal laminator to ensure long-term stability.
Characterization
The transmittance of the sensor was detected using a SHIMADZU UV-3600 spectrophotometer (Shimadzu, Kyoto, Japan). Fourier transform infrared spectroscopy (FTIR) was performed using a Spectrum GX FTIR spectrometer (PerkinElmer Inc., Waltham, MA, USA). To illustrate the gas-sensing mechanism of PANI, Fourier transform infrared-attenuated total reflectance (FTIR-ATR) spectra were measured for the PANI nanowire before and after exposure to the reducing gas CH 4 . FTIR-ATR can be used to rapidly analyze the characteristics of PANI nanowires after exposure to the reducing gas CH 4 . After exposure to 1% CH 4 gas, the samples were subjected to FTIR-ATR analysis within 30 s. The microstructures of the PANI nanowire arrays were characterized by scanning electron microscopy (SEM) (JEOL 7600F, JEOL, Tokyo, Japan). Dynamic mechanical analysis was performed on a universal testing machine (DMA Q800, TA Instruments, New Castle, DE, USA). For the stretching tests, the sensor was fixed on home-built stretching stage to apply different strains. The frequency tests for the sensor were performed in the range of 0.025-075 Hz under an applied strain of 0-20%. For human motion detection, the sensor was attached to face skin using double-sided tape or mounted on gloves. CH 4 gas-sensing experiments were conducted in a gas chamber using two terminal devices at room temperature. N 2 gas was employed as a carrier gas to dilute the test CH 4 gas and to purge the devices after stopping the test gas feed. The flow rate of the carrier gas was kept at a constant 5 sccm, and the CH 4 gas source had a concentration of 1% (10 000 p.p.m.) in pure nitrogen. All resistance and current changes were measured using a Keithley analyzer (Model 4200, Keithley Instruments, Cleveland, OH, USA).
RESULTS AND DISCUSSION

Microstructure characteristics
The deposition process of PANI nanowire arrays is illustrated in Figure 1a . In the chemical oxidation polymerization process of PANI, the bulk solution and solid substrates are two possible competing nucleation sites for the growth of PANI. Heterogeneous nucleation occurs on the solid PDMS substrates when dilute aniline (⩽ 0.05 M) is used. 20 Most of the active nucleation centers are generated on PDMS substrates at a comparatively fast rate in the initial stage of polymerization, forming a planar PANI thin film on the PDMS substrate. The active nucleation centers are isolated from each other in the early stage because of the hydrophobic nature of the PDMS substrate and the low concentration of aniline, which was previously proven by an in situ technique. 21 Homogeneous nucleation and growth in the solution occur simultaneously and cause precipitation onto the active sites on the thin film. With depleted reactive aniline cation radicals and oligomeric intermediates, the vertical growth of PANI nanofibers was achieved on the PANI polymerized solid PDMS substrates. Therefore, a bilayer composed of planar PANI and aligned nanowires on the PDMS elastic substrate was obtained. 19, 20 SEM images of PANI on the PDMS elastic substrate are shown in Figure 1b . PANI nanowire islands and cracks in the film were observed in the low-magnification image. In addition, suspended PANI bundles bridging the gaps between the nanowire islands were also observed, which are critical to maintain interconnections in the film. On the other hand, the PANI islands act as anchors to prevent film detachment from the elastic substrate. In the top-view SEM image of the PANI nanowire film, the bright white spots correspond to the tips of the aligned PANI nanowires. The inset of Figure 1b shows the high-magnification SEM image of the tilted nanowires with diameters ranging from 35 to 60 nm. The lengths of the nanowires range from 100 to 250 nm (Supplementary Figure S2) . The PANI nanowire arrays exhibit an optical transmission of approximately 60% within the wavelength range of 495-570 nm, producing green color PANI nanowire arrays (Figure 1c) . The transmission wavelength of the PANI nanowire arrays is similar to that of a PANI thin film prepared by the layer-by-layer self-assembly method. 22 The insets of Figure 1c show photographs of the as-grown PANI nanowire arrays on the PDMS elastic substrate. The green color of the obtained sample provides preliminary evidence of the formation of PANI in its conducting emeraldine salt form. 23 To further investigate the oxidative state of PANI, FTIR was conducted on a Spectrum GX FTIR spectrometer, and the results are shown in Figure 1d . The peaks located at 1569 and 1484 cm −1 correspond to the quinoid and benzenoid ring-stretching vibrations. The appearance of the peak at 1373 cm −1 is assigned to C-N stretching vibrations in the adjacent quinonoid or quinonediimine structures. The peak at 1294 cm −1 is attributed to C-N stretching vibrations characteristic of the secondary aromatic amine. C-H inplane bending vibrations are usually observed in the range of 1010-1170 cm −1 . The band at 1238 cm −1 is characteristic of conducting protonated PANI and corresponds to a C-N +· stretching vibration in the polaron structure. 24 C-H out-of-plane bending vibrations are reflected by the peaks at 793 and 495 cm −1 . The peak observed at 618 cm −1 is ascribed to the ClO 4 − ion. 25 These characteristic bands confirm that PANI is in the conducting emeraldine salt phase.
Tactile capacity evaluation of the PANI nanowire array-based sensing platform To evaluate the tactile capacity and stretchability of the PANI nanowire array-based sensing platform, dynamic mechanical analysis was performed. The stress and strain profiles show that coating of PANI on PDMS had no significant influence on the mechanical properties ( Figure 2a Figure S3) , indicating the Ohmic behavior of the sensor. The current monotonically decreased with increased tensile strain. The relative resistance changes ((R − R 0 )/ R 0 = ΔR/R 0 , where R is the resistance under stretching and R 0 is the resistance at 0% strain) with respect to strain, calculated from the I-V curves, are shown in Figure 2b . The relative resistance change increased when a larger strain was applied. The PANI strain sensor shows a large relative resistance change of 14897% at 100% strain. The increased number of ridges and islands upon the application of strain is the main cause of the piezoresistive effects of the sensor. A reversible, large resistance change is highly desirable for strainsensing applications and is a prerequisite for high sensitivity. Figure S4 show the strain-induced resistance changes as the strain was increased from 0.2 to 60%. The sensor shows reproducible and reliable responses even under small strain (0.2%). These results illustrate that the PANI nanowire arraybased strain sensor works well over small to large strain. Supplementary Figure S5 depicts the relative resistance changes with respect to strain under 10 and 60% stretch-release cycles with a moving stage speed of 0.05 mm s −1 . Slight hysteresis is observed during 60% stretch-release cycling because of the mechanical properties of PDMS. However, the original resistance of the sensor is almost fully recovered after releasing the strain, and the hysteresis is negligible within 10% strain, indicating that our PANI-based strain sensor possesses outstanding signal recovery. In addition, the sensor also has important advantages of low creep and fast response. As seen in Figure S6 , a step strain of 10% was imposed within 1 s, exhibiting a percent overshoot and creep recovery time of 16.5% and 7.5 s, respectively. The gauge factor represents the sensitivity of the sensors and can be defined as (ΔR/R 0 )/ε, where ε is the applied strain. The highest gauge factor achieved in this work is 149 at 100% strain (Supplementary Figure S7) . The strain sensor can simultaneously achieve excellent sensitivity, stretchability and linearity, indicating that the PANI nanowire arrays are excellent candidates for strain-sensing applications. The nanowire array-based sensor outperformed conventional metal strain sensors in terms of both strain range and gauge factor (εo5%, gauge factor ≈2), 26 as well as most of the recently reported strain sensors based on carbon nanotubes (0.82 between 0 and 40% strain or 10-25 between 0 and 550% strain), 27 graphene (7.1 at 100% strain), 28 silver nanowire (14 at 30% strain), 29 hydrogel (1.51 at 1000% strain) 30 and ionic conductive fluid (0.348 ± 0.11 at 700% strain); 31 furthermore, the gauge factor is nearly 180 times higher than that recently reported for PANI nanowires. 16 Moreover, our PANI nanowire array-based sensor also showed a precise response independent of the test frequency (0.025-0.75 Hz) or strain rate under the application of 20% stretch-release strain cycles (Figure 2f ). The stability of the sensor was also investigated by applying 2000 stretch-release cycles at 20% and 60% strain, at which the strain gauge factors are approximately 15 and 45. The resistances were collected at the repeated strain states (Supplementary Figure S8) . The resistance of the sensor remains almost constant with minor fluctuations within the first 900 cycles for both strain states. Nevertheless, the resistance decreases slightly after 900 cycles at 20% strain and then remains almost constant up to 2000 cycles. At the large strain state (60% strain), the resistance increases with increasing cycle number after 900 cycles, and the value is 1.38 times larger than its initial value after 2000 cycles. Overall, the sensor shows large fluctuations in the signal at large strain cycles. Photographs of the sensor stretched to different strains are shown in Supplementary Figure S9 .
To understand the underlying mechanism of the device stretchability, the microstructural changes of the same PDMS/PANI film under different levels of strain were examined by SEM, as shown in Figures 3a-c. The relaxed states after recovery from different strain states were also examined by SEM, as shown in Figures 3e and f. It can be seen that the PANI nanowire islands and ridges (or cracks) are analogous to the scales that cover a snake's skin, and thus the microstructure and stretchability of our device resemble a snake's skin (inset of Figure 3d ). The isolated PANI islands, crack density and crack width increased with increased tensile strain. In addition, the ridges are predominantly perpendicular to the tensile direction. Despite the appearance of more islands and cracks under strain, many lateral PANI nanofibers remained in the gap between the islands in the 40% strain state, as indicated in the inset of Figure 3b (with arrows), and most of the PANI nanowire islands were still interconnected even in the 80% strain state (Figure 3c) . Moreover, the size of the PANI nanowire islands also increased with increased tensile strain after careful comparison of the images of the 80 and 40% strain states. This result could be attributed to the PDMS elastic substrate that was firmly adhered to the PANI nanowire arrays and assisted in the delocalization of the strain, which prevented cracks from expanding into channel cracks. Remarkably, the cracks caused by strain were self-repaired after full strain recovery from both the 40 and 80% strain states (Figures 3e and f) , and there was no significant difference compared with the original state (Figure 3d ). The strain was accommodated by the reversible opening and closing of the ridges (or cracks) during the corresponding stretched and relaxed states. The resistance changes in the sensor under different strains were also demonstrated on a complete circuit composed of an LED indicator To demonstrate the capability of our semitransparent, highly stretchable, and sensitive sensor as a wearable strain sensor for the full-range detection of human motions, the sensor was directly attached on the forehead to detect the weak muscle motions caused by respiration, eye movement or speaking. The sensor was also mounted on a glove to monitor the large-scale bending and stretching of a human finger knuckle. The facial muscle on our forehead is stretched when we deeply inhale while breathing. As shown in Figure 4a , the stretching or compression movement of the human forehead muscle generated by deep breathing and eye movement could be clearly detected by our strain sensor with high signal-to-noise ratios and highly repeatable patterns. This facial muscle is compressed when we close our eyes, and this is reflected by the drop-in resistance in Figure 4b . The sharp and rapid response of the sensor was also observed during rapid eye blinking. Moreover, complex epidermis/ muscle movements on the human forehead associated with the pronunciation of some words, such as 'Hi', 'Hello', the Chinese word 'Ni Hao' and the material names 'polyaniline' and 'nanowire'. Each word could be monitored by the sensor with remarkably characteristic patterns and good repeatability. It can be seen that the waveform of Figure 3 Stretching mechanism of the film. SEM images of the PANI nanowire array film under different strains of (a) 0%, (b) 40% and (c) 80%. Highmagnification SEM images of the nanowire islands (d) in the 0% strain state, (e) fully recovered from the 40% strain state and (f) in the 80% strain state. (g) Photographs of a powered LED indicator integrated with the PANI nanowire arrays on a PDMS substrate under different tensile strains of (g 1 ) 0%, (g 2 ) 25%, (g 3 ) 50% and (g 4 ) 75%; the sensor is indicated the red dashed line.
Tactile and olfactory bionic sensor G Cai et al each word was apparently different, and the repeatability was good (Figure 4c) . Furthermore, our sensor also showed a sharp and rapid response to the high degree bending during finger movements (Figure 4d ). During this large-scale bending and stretching test, the sensors exhibited overshooting in response to acceleration during motion. The peaks associated with acceleration are generated by the low creep of the strain sensor. A similar phenomenon was observed in other strain sensors based on silicone rubber/carbon materials. 32 The results indicate the high sensitivity and broad range of the sensor in sensing strain, as well as the capability of detecting multiple deformations. Moreover, the PANI nanowire arrays also exhibit pressuresensing behavior when the sensor is assembled from two PANI nanowire array films with a face-to-face construction (Supplementary Figure S10a) . The pressure-sensing mechanism is due to the forcedependent bridging contacts between the PANI nanowires and the interlocking of the nanowire arrays. The number of bridged PANI nanowires depends on the applied external force. A small compressive deformation of the soft device caused a substantial number of PANI nanowires to come in contact under the application of pressure, leading to additional conductive pathways. When a voltage of 1 V was applied to the sensor, an increased current was observed after loading the pressure. On unloading, the sensor recovered to its original shape, reducing the amount of interlocking PANI nanowires and therefore leading to a decreased current. The relative resistance changes were rapidly detectable with the loading and unloading of a pressure of 8 kPa, which is similar to the pressure induced by a human finger touch (o10 kPa). 33 We can define the gauge factor for this pressure sensor as (ΔR/R 0 )/ΔP, where ΔP is the pressure change. The gauge factor is approximately 7.5 × 10 −3 kPa −1 , which is comparable to that of typical pressure sensors (5-8 × 10 −3 kPa −1 ). 34 Therefore, a finger touch can be accurately detected by the PANI nanowire array-based pressure sensor (Supplementary Figure S10b) . Thus, the sensor is able to detect various human activities and is suitable for tactile wearable devices.
Olfactory capacity evaluation of the PANI nanowire array-based sensing platform The above results demonstrate that the PANI nanowire arrays on a PDMS elastic substrate exhibit excellent performance as a wearable tactile sensor. In addition, we also demonstrate that these PANI nanowire arrays on a PDMS elastic substrate can deliver outstanding properties as a stretchable smelling skin. To date, various CH 4 gas sensors have been reported. 35, 36 However, to the best of our knowledge, there is no report dedicated to stretchable CH 4 gas sensors. Here, the hazardous gas CH 4 was applied as the target gas to evaluate the gas-sensing performance of the stretchable PANI films. The highly volatile CH 4 gas is a colorless and odorless gas that can accumulate in the walls of coal mines and be released during mining. Methane can accumulate and cause lethal explosions if not monitored. If inhaled by humans or animals, CH 4 molecules can effectively replace oxygen molecules in the body, causing suffocation. 37 PANI nanowires as the sensing layer to detect CH 4 gas has many advantages, such as low cost, light weight, ease of synthesis and high sensitivity at room temperature. It can be seen that the conductivity of the sensors decreased when exposed to CH 4 gas and then gradually increased when re-exposed to air ( Figure 5a ). As is well known, PANI is conductive in acid or in its doped emeraldine salt form and insulating in its emeraldine base or dedoped form. FTIR-ATR spectra were measured to illustrate the gas- sensing mechanism of PANI, as shown in Supplementary Figure S11 . After exposure to the reducing gas CH 4 , the peaks located at 1002 cm −1 (C-H bending vibration), 1242 cm −1 (C-N +· stretching vibration) and 1464 cm −1 (benzenoid) were slightly blueshifted to 1013 cm −1 , 1248 cm −1 and 1473 cm −1 , respectively. In addition, the peaks at 1519 cm −1 (N-benzenoid-N) and 1594 cm −1 (N═quinoid═N) were more obvious after exposure to the reducing gas CH 4 , indicating that deprotonation occurred and part of PANI changed from the conducting emeraldine salt form to the insulating emeraldine base form when exposed to the reducing gas CH 4 . This results in a loss of conductivity. In addition, PANI is a π-π* conjugated system that will generate charge transfer when CH 4 gas molecules are adsorbed on the PANI surfaces. The conductivity of the sensor will change because of the charge interaction between the π electrons of PANI and the gas molecules. 35 The response is fast, the conductivity change is significant, and the sensing response is more than eight times greater. The recovery process is slow when the CH 4 gas is switched off because of the slow removal of CH 4 molecules from polyaniline at room temperature. Therefore, polyaniline requires a longer time to recover its conductivity compared with the response process, and thus the stabilized platform is not obvious during the recovery process (a similar phenomenon was observed for a PANI fiber sensing of 500 p.p. m. ammonia). 38 As shown in Supplementary Figure S12 , the recovery process is mostly completed within 20 s, at which the current becomes relatively stable and no obvious change was observed even when the recovery time was doubled. To study the sensing performance of the gas under stretching, the measurement was also performed under different strains while maintaining the same gas exposure conditions (fixed CH 4 concentration and on-off time; Figures 5b-e) . The sensitivity of the sensor increases upon stretching for 0-50% strain, and a rapid drop is observed upon further strain (70%). The highest conductivity change of approximately 700 times was achieved at 50% strain. We can define the response and recovery time of the sensor as the time required to reach a stable output current when exposed to CH 4 or air. The response time is much shorter than the recovery time, and both were constant after several seconds (s) under different strains (Supplementary Figure S13) . The fastest response speed is 0.8 s when exposed to CH 4 under 10% strain, which is much faster than that of previously reported PANI-based sensors. 6, 39, 40 The increased sensitivity under strain may originate from the exposure of fresh PANI surfaces when the sensor is stretched. In addition, the conductivity decreased when a larger strain was applied, which can also lead to a higher sensitivity under a less conductive state, and a similar phenomenon was observed in a polypyrrole-based sensor. 41 The results indicate that the sensor with a resistance in the range of 5 × 10 4 Ω under strain would provide better gas sensitivity. However, upon exposure to CH 4 gas, the sensor resistance under 70% strain becomes too large (410 3 MΩ) to be accurately recorded by the equipment. After releasing the sensor from strain, almost the same sensitivity was observed as that before stretching (Supplementary Figure S14) , illustrating the good reversibility of the sensor. In addition, the deprotonation/protonation of PANI can reversibly occur in the response/recovery processes, respectively, indicating that the sensor has good stability and repeatability (Supplementary Figure S15) . Figure 5f shows a much higher resistance change in the sensor under different strains when exposed to CH 4 gas compared with stretching in air. The reduced physical contact between PANI ridges (or cracks) is the main cause of the resistance increase during the different stretched states in air. When the sensor is stretched in the presence of CH 4 gas, chemical deprotonation occurs, which is the dominating factor leading to the dramatic resistance change. Moreover, the selectivity of the PANI nanowire array-based sensor was investigated at the 0% strain state by exposure to 10 000 p.p.m. CH 4 and 120 p.p.m. CO 2 (Supplementary Figure S16) . It was found that the sensor exhibited higher sensitivity to CH 4 than CO 2 , illustrating its good selectivity. The tunable sensitivity of the gas sensor depending on the strain state is a Figure 5 Time-dependent response and recovery curves of the PANI nanowire array-based sensor exposed to CH 4 gas under different strains of (a) 0% strain, (b) 10% strain, (c) 30% strain, (d) 50% strain and (e) 70% strain. (f) Plots of the relative resistance change versus strain for the PANI nanowire array-based sensor exposed to air and CH 4 gas.
Tactile and olfactory bionic sensor G Cai et al unique feature for adjustable, wearable gas-sensing e-skin, which can act as a gaseous multimeter with adjustable sensitivity by adjusting the strain state. The above results illustrate that our sensing platform has a similar functionality to snakes, which can simultaneously sense different tactile and olfactory stimuli. Although the corresponding output signals influence each other sometimes, this problem can be well resolved by rational design of the bionic component to differentiate multiple stimuli, such as through the combination of serial and parallel sensing channels in the device (similar to the sophisticated nervous system in snakes), depending on the specific application needs.
CONCLUSIONS
In summary, we report a bionic snake skin sensing platform composed of semitransparent PANI nanowire arrays on a thin PDMS elastic substrate that can simultaneously sense mechanical strain, pressure and CH 4 gas. The snake skin-like PANI nanowire array-based strain sensor exhibits a large relative resistance change of 14 897% at 100% strain. The highest gauge factor demonstrated in this work is 149 at 100% strain. The performance is significantly better than that of most conducting polymer-based sensors reported so far and is comparable to or even better than traditional metal and carbon nanowire/nanotubebased strain sensors. Moreover, the bionic snake skin sensing platform can be used to smell hazardous CH 4 gas with high sensitivity and fast response and recovery under different strain states. We believe that our semitransparent stretchable sensing platform could be applied in a wide range of applications in robotics, treatment, electronic skin, wearable health-monitoring devices and bionic systems.
